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G
reat amounts of numerical and ex-
perimental investigations have been
devoted to boosting the signal of
plasmonic sensors fabricated fromnoblemet-
al nanoantennas with sharp edges or with
gaps separated by a few nanometers.18 The
ﬁeld enhancement depends mainly on the
ability to couple incident photons to localized
surface plasmon modes. Such resonant
modes are prone to damping by scattering
and absorption in themetal and its surround-
ing materials, thus, limiting the achievable
enhancement.9 By interference with sub-
radiant modes, as in Fano resonant systems,
radiative losses can be reduced, but not
suppressed completely.10,11 In any case, the
ﬁeld enhancement is often severely reduced
by the presence of adhesion layers. These
layers are required to pin the noble metals to
the substrate, particularly when the fabrica-
tion requires lift-oﬀ and sonication or when
the applications demand high structural
robustness.12 Thanks to their broad availabil-
ity and process compatibility with the evap-
oration of the noble metals, Cr and Ti are the
most commonly used adhesion materials,
with typical thicknesses ranging between
1 and 10 nm.1315 Although the existence
of the adhesion layer is an important part of
the plasmonic structure, its inﬂuence on the
near and far ﬁeld of the plasmonic modes is
often neglected.9,16 The perturbation of the
plasmon resonance can be derived from the
real and imaginary parts of the adhesion
materials dielectric function which aﬀects
the refractive index locally and introduces
absorption. Under such circumstances, sur-
face and localized surface plasmon reso-
nances (SPR and LSPR) are red-shifted and
broadened, leading to reduced signal sensi-
tivities, caused by the reduced quality factor
Q of the resonant mode.1721 As a conse-
quence, processes where high near-ﬁeld
amplitudes are needed, such as surface en-
hanced Raman scattering (SERS) and ﬂuores-
cence,16,2123 as well as particle trapping,24
are weakened.
A route to reduce damping is the use of
less absorptive adhesion materials such as
Cr2O3, TiO2,
16,25 and ITO,26 although these
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ABSTRACT Adhesion layers, required to stabilize metallic nanostruc-
tures, dramatically deteriorate the performances of plasmonic sensors, by
severely damping the plasmon modes. In this article, we show that these
detrimental eﬀects critically depend on the overlap of the electromag-
netic near-ﬁeld of the resonant plasmon mode with the adhesion layer
and can be minimized by careful engineering of the latter. We study the
dependence of the geometrical parameters such as layer thickness and
shape on the near-ﬁeld of localized plasmon resonances for traditional adhesion layers such as Cr, Ti, and TiO2. Our experiments and simulations reveal a
strong dependence of the damping on the layer thickness, in agreement with the exponential decay of the plasmon near-ﬁeld. We developed a method to
minimize the damping by selective deposition of thin adhesion layers (<1 nm) in a manner that prevents the layer to overlap with the hotspots of the
plasmonic structure. Such a designed structure enables the use of standard Cr and Ti adhesion materials to fabricate robust plasmonic sensors without
deteriorating their sensitivity.
KEYWORDS: adhesion layer . damping . surface-enhanced Raman scattering . near-ﬁeld simulation . localized plasmon resonance .
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oxides require more specialized preparation and
equipment. Another alternative is the use of a self-
assembled monolayer such as mercaptosilane, where
the silane binds to oxidic surfaces and the thiol
end group binds to noble metals.27 The dielectric
environment of the noble metal is found almost un-
aﬀected by such a monolayer, and thus, the induced
plasmon resonance shift and near-ﬁeld damping are
minimal.9,21 Unfortunately, the utilization of molecular
adhesion layers has severe drawbacks as it requires
additional fabrication steps either in wet21 or dry9
conditions and the layers may not withstand oxygen
plasma or ultraviolet ozone (UVO) cleaning steps in-
dispensible for reusable plasmonic sensors.12
In this work, we systematically investigate the
damping eﬀect of adhesion layers on the near ﬁeld
enhancement of Au nanostructures. We provide a
nanometer precise study of the thickness dependency
of metal and metal oxide adhesion layers on the near-
and far-ﬁeld properties of plasmonic nanostructures
using SERS and reﬂection spectroscopy. Additionally,
we propose and demonstrate a method to minimize
plasmon damping of adhesion layers by excluding the
adhesion material from the hotspot (region with the
highest near-ﬁeld enhancement). We further verify for
a broad range of Au grating gap sizes and adhesion
layer thicknesses that damping is mostly dependent
on the overlap between the near-ﬁeld hotspot and
the adhesion layer. Comparison with simulations pro-
vides deeper insight into the damping mechanism
of adhesion layers and demonstrates how thin
adhesion layers can be made without deteriorating
their bonding properties. These diﬀerent strategies
enable the realization of plasmonic nanostructures
that include metal adhesion layers and do not suﬀer
from damping.
RESULTS AND DISCUSSION
To study the inﬂuence of adhesion layers on the
performance of plasmonic structures, we utilize periodic
nanogap arrays. These were fabricated in a single-step
lithography and angular evaporation process. One-
dimensional gratings of photoresists with various
thicknesses and duty cycles were obtained reproduc-
ibly over large areas and with high throughput using
extreme ultraviolet interference lithography (EUV-IL).28
Hydrogen silsesquioxane (HSQ) was used as photo-
resist, which is converted into SiO2 upon exposure
and development. The adhesion layer and noble metal
were evaporated successively onto the photoresist
under glancing angles. The substrate was repeatedly
tilted to the opposite angle, as shown in Figure 1a, to
homogeneously cover the photoresist and controllably
reduce the size of the gap.29 With this technique, we
fabricated nanogap patterns with variable thicknesses
and gap sizes, with the cross section shown in
Figure 1b.
The thus obtained nanostructures consist of an array
of crescent shaped line gratings. This conﬁguration, as
we will show later, facilitates the generation of strong
electromagnetic ﬁelds near the crescent tips when the
incident light ﬁeld couples resonantly to the gap-mode
of the periodic array.10 Our nanometer precise and
widely adjustable evaporation technique allowed us
to study the damping eﬀect of several adhesion layer
parameters. The near-ﬁeld amplitude was quantiﬁed
using the SERS signal intensity. Thanks to our gentle
fabrication process, adhesion layer free patterning was
also possible, which we attribute to the clasping of the
evaporated gold around the photoresist grating.
The far- and near-ﬁeld response of our nanogap
pattern are simulated for adhesion layers of various
thicknesses using a 3D ﬁnite elementmethod based on
the surface integral solutionofMaxwell's equations.30,31
The far-ﬁeld spectra in reﬂection for increasing Cr
adhesion layer thicknesses are shown in Figure 2a.
The distinctive dip at 680 nm wavelength is attributed
to the resonant excitation of the plasmon gap mode,
similar to enhanced optical transmission (EOT).32,33 This
resonance exhibits a red-shift with increasing Cr layer
thickness, while its amplitude strongly decreases. The
second reﬂectionminimum below 500 nm is attributed
to the absorbing interband transitions of gold.
At the resonance wavelength of 680 nm, localized
plasmons produce a strong near-ﬁeld at the metal tips
of the crescent pattern, as is visible in Figure 2b. The
amplitude of this hotspot near the sharp crescent
tips signiﬁcantly decreases for increasing adhesion
layer thickness, whereas the near-ﬁeld in the upper
gap region seems not at all aﬀected by the adhesion
layer. This suggests that the amplitude of the near-ﬁeld
Figure 1. (a) Schematic description of the angular evapora-
tion method, resulting in periodic nanogap arrays. (b) Top
view scanning electronmicrograph (SEM) and (c) schematic
view and SEM of the cross section of the nanogap arrays
with the adhesion and gold layers. The pattern is character-
ized by the gold thickness t1, the adhesion layer thickness t2
and the pattern gap size. The cross section is reminiscent of
a crescent.
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is locally weakened, while the plasmonic mode of the
crescent pattern is nearly not altered.Wewill show that
the origin of this phenomenon is the close contact
between the electrical ﬁeld at the hotspot and the
adhesion layer. The dependence on the adhesion layer
thickness of the damping of the electrical ﬁeld at the
hotspot is shown in Figure 2c. The damping increases
strongly with the adhesion layer thickness, resulting in
a dramatic loss of the near-ﬁeld enhancement by a
factor of 5 already for a 3 nm thick adhesion layer. This
near-ﬁeld damping on the layer thickness is congruent
to what we observe in the SERS measurements, shown
below.
The corresponding experiments were performed for
adhesion layers made of Cr, Ti and TiO2. The Au was
always evaporated in parallel for each sample series of
varying thicknesses, tominimize the inﬂuence of metal
roughness deviations. Reﬂection spectra are shown for
Ti and Cr in Figure 3a and indicate a 70 nm resonance
red-shift, independent of the Ti layer thickness, and
a roughly 30 nm red-shift for Cr, slightly changing
with the thickness. The resonance broadens and its
amplitude decreases with increasing Ti and Cr layer
thicknesses, in agreement with the simulation on
Cr shown in Figure 2a. The observed blue-shift for
increasing the Cr adhesion layer thickness is attributed
to an Au gap size reduction of about 5 nm observed
when the adhesion layer thickness is increased from
0 to 7 nm. The deviation between Ti and Cr with no
adhesion layer could be attributed to a partial liftoﬀ
of the Au grating in the Cr sample, caused by weak
bonding.
Figure 3b shows the SERS signal intensity depen-
dence on the layer thickness for the three investigated
adhesion materials: Ti, TiO2, and Cr. It is also compared
to the near-ﬁeld decay averaged around the full Au
surface. The samples were prepared with a monolayer
of benzeneethanethiol and were excited and mea-
sured at a wavelength of 633 and 676 nm, respectively,
corresponding to a Raman shift of 1008 cm1.
We observe indeed a strong reduction of the SERS
intensity for adhesion layer thicknesses up to 3 nm. For
thicker layers, this damping of SERS levels oﬀ,
Figure 2. Simulations of the far- and near-ﬁeld for increas-
ing adhesion layer thicknesses of the crescent pattern with
50 nmAugap and a period of 250 nm. (a) Far-ﬁeld reﬂection
spectra, (b) near-ﬁeld amplitude maps of the crescent array
calculated at a wavelength of 680 nm and (c) near-ﬁeld
enhancement, E/E0, within 5 nm of the crescent tips. The
complex refractive indices (n, k) at a wavelength of 680 nm
for the 80nmhighphotoresist pattern, the Crwith thickness
between 0 and 10 nm and the 50 nm Au layer were taken to
be (1.39, 0), (3.07, 3.36), and (0.135, 3.88), respectively. The
substrate was silicon (3.81, 0.0024). The polarization of the
electric ﬁeld is set across the gaps.
Figure 3. Dependence of the adhesion layer thickness on (a)
the reﬂection spectra for Ti and Cr coatings and (b) the SERS
intensity for Ti, TiO2 and Cr coatings. The laser excitation
wavelength at 633 nmand the recorded SERSwavelength at
676 nm, corresponding to a Raman shift of 1008 cm1, are
marked in the reﬂection spectra. The SERS signal is recorded
from a self-assembled benzeneethanethiol monolayer
deposited on a line array of 50 nm thick Au approximately
40 nm wide gaps. The polarization of the electric ﬁeld is set
across the gaps. Error bars, often smaller than the icon size,
represent the standard deviation for 16 spatially separated
SERS measurements.
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especially for the Cr adhesion coating. To quantify the
strength of the SERS damping, the evolution of the
normalized intensity I/I0 on the adhesion layer thick-
ness is ﬁttedwith a power law of the form (1þ x/nm)a,
where x is the adhesion layer thickness in nanometers
and the exponent a describes the damping rate.
An exponent of roughly 0.5 was found for TiO2, 1 for
Cr and roughly 1.5 for Ti. Details of the ﬁtting procedure
are given in the Supporting Information, Figure S3. For
an adhesion layer thickness of about 6 nm, the SERS
intensity was damped by a factor of 2.5 for TiO2, by 10
for Cr and by 25 for Ti.
As expected, the damping is the smallest for TiO2,
since this material has negligible absorption at this
wavelength. The residual damping of a = 0.5 is in
part attributed to an incomplete Ti oxidation during
evaporation under partial oxygen pressure. The SERS
damping is considerably stronger for the metals, be-
cause of their large absorption coeﬃcients related to
the complex refractive index, n þ ik. The SERS signal
can also decay because of a shift of the resonance,
in which case the plasmonic mode is less eﬀectively
coupled to the external excitation.22,34 For Ti and TiO2,
the induced red-shift was around 70 nm, while
for Cr, we have observed a red-shift of only 30 nm,
shown in Figure 3a and additionally in Figure S1 of the
Supporting Information. This may explain the stronger
damping of Ti despite its smaller absorption coeﬃcient.
In fact, as shown in Figure 3a, the overlap of the
excitation and Raman scattering wavelength with the
resonance wavelength is best for the sample without
an adhesion layer and better for Cr adhesion layers
compared to Ti.
The sharp decrease of SERS intensity for adhesion
layer thicknesses up to about 3 nm is attributed to the
spatial extension of the conﬁned plasmons. The near-
ﬁeld generated by plasmons decays exponentially with
the distance from the metal surface and typical decay
lengths in metals are in the order of up to 10 nm.35
Hence, when the adhesion material is located within
this plasmon decay length, the damping is strongest.
The reduced slope of SERS damping for increasing
adhesion layer thicknesses mimics the exponential
decay of the plasmon near-ﬁeld. Conversely, when
the adhesion layer remains away from any hotspot,
the damping should be minimized, as will be demon-
strated below.
Modeling the expected SERS damping with a power
scaling of |E/E0|
4, the slope of the experimentally
observed SERS damping is found to be smaller com-
pared to the computed decay of the near-ﬁeld en-
hancement from Figure 2c. We attribute this behavior
to the idealized geometry used in the computation
with a point-shaped hotspot, while the real geometry is
prone to roughness and corner rounding that spatially
expands the hotspot region. In fact, we will demon-
strate in the next paragraph that damping is avoided
when the hotspot is not in direct contact with the
adhesion layer.
By changing the evaporation angle for the adhesion
material, we could control the contact areas between
the adhesion and the Au layers and thus were able to
correlate contact area with damping. In the previously
discussed experiments, the adhesion material was
evaporated at the same angle of 30 at which the
shadow evaporation of Au was performed. This en-
abled the adhesion layer to fully cover the photoresist
grating, including the top and the sidewalls. Evaporat-
ing the adhesion layer under normal incidence, how-
ever, prevents material deposition on the sidewalls of
the resist. In a series of experiments with 2 nm thick Cr
layers evaporated under 30 and 90, we observed that
the damping of SERS intensity can indeed be strongly
reduced by a factor of 2, as shown in Figure 4a.
Since the plasmonic hotspot is located at the cres-
cent tips, as seen in Figure 2b, we attribute the strong
Figure 4. Comparison of SERS signals for vertically and
sideward directed Cr layer deposition. (a) Sample orienta-
tion for deposition. (b) Observed SERS damping and (c)
simulated near-ﬁeld amplitude maps for a gold crescent
array with a 0 nm Cr and 2 nm Cr adhesion layers (drawn in
purple) evaporated under 90 and 30 incidence, calculated
at a wavelength of 680 nm. The normalized SERS intensities
correspond to the 1008 cm1 peak obtained from a self-
assembled benzeneethanethiol monolayer. The polar-
ization of the electric ﬁeld as in all other experiments is set
across the gaps. Error bars represent the standard deviation
for 16 spatially separated SERS measurements. The gold
thickness for the periodic pattern was 50 nm and the gap
size 30 nm.
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SERS improvement to the exclusion of the adhesion
material from that tip. Simulations performed in con-
junction to the experiments show the strongly reduced
ﬁeld (E/E0) when the adhesion layer is located at the
sidewall of the photoresist (Figure 4c, right panel)
compared to the case without contact (Figure 4c,
center panel). The near-ﬁelds and the plasmon reso-
nances (not shown) for the no- and the distant adhe-
sion layer cases are, however, very similar. Compared
to the no-adhesion layer case, the average near-ﬁeld
enhancement (averagedover 5 nmaround the hot spot)
for the sidewall adhesion layer is about a factor of 3.
The SERS damping is less than we would expect from
the simple |E/E0|
4 scaling, which we again attribute
to the idealized simulation with no roughness and
corner rounding. The observed SERS damping, when
the adhesion layer is evaporated under 90, is attributed
to an imperfect 90 alignment of the sample during
evaporation and the deposition of Cr onto the Si sub-
strate, where it may come into contact with the hotspot,
as can be seen from Figure 5b.
The simulations and experiments show that an
appropriate adhesion layer design derived from the
knowledge of the near-ﬁeld distribution enables mini-
mizing damping. The ﬁnding can also be extended to
other nanopatterns requiring lift-oﬀ where additional
underetching into the adhesion layer and the substrate
can reduce the overlap of the adhesion layer with the
near-ﬁeld hot spot, thereby lowering damping.36
In our experiments, the durability of the pattern is
conserved for both evaporation angles, as long as the
adhesion layer remains in contact with portions of
the Au interface. This has been veriﬁed by treating
the diﬀerent substrates in an ultrasonic bath for several
minutes without observing any changes in the SERS
intensity. Without an adhesion layer, as shown in
Figure 3b, the SERS standard deviationwithin the tested
pattern was observed to be larger than 7%, while it was
well below3% for all theother samples. Intensewashing
of the substrate and sonication induced a partial lift-oﬀ
of the Au layer from the photoresist grating when no
adhesion layer was used. Remarkably, the pattern did
not lift-oﬀ for an adhesion layer thickness as thin as
0.5 nm, whichwas proven by consistent SERS signals for
sonication times exceeding 20 min. The same pattern
could also withstand several successive cleaning runs
without loosing the SERS enhancement.12 For those
experiments, the analyte was removed by 20 min
exposure to an Ultraviolet source followed by redeposi-
tion of the analyte monolayer. These additional experi-
ments are shown in Figure S2 of the Supporting
Information.
We have validated our ﬁndings for a broader range
of pattern gap sizes and metal Au thicknesses: in all
cases, the overlap between the adhesion layer and the
plasmons electromagnetic ﬁeld is found to dominate
the damping factor. We have analyzed the damping of
SERS intensities for a variety of pattern gap sizes and
gold thicknesses. In Figure 5, we compare the SERS
signal damping between zero and 1 nm Cr layer for Au
thicknesses of 30, 50, and 80 nm and for gap sizes
between sub-10 and 75 nm. The gap size of the pattern
was set by changing the photoresist duty cycle.
The SERS damping was found to be independent of
the nanogap size but depends on the thickness of the
Au layer. For Au thicknesses between 30 and 50 nm,
the damping is roughly 2.2, while it is 1.3 for 80 nm. This
behavior is congruent with simulations showing that
Figure 5. SERS damping for varying gap sizes and metal layer thicknesses of (a) 30 nm, (b) 50 nm, and (c) 80 nm. The Cr was
evaporated under (30 from the surface normal. Near-ﬁeld amplitude maps are compared with cross section scanning
electronmicrograph images to relate fabrication parameters to the location of hotspots. The polarization of the electric ﬁeld
is set across the gaps. The normalized SERS intensities correspond to the 1008 cm1 peak of a self-assembled benzene
ethanethiol monolayer. Error bars represent the standard deviation for 16 individual SERSmeasurements taken at diﬀerent
locations on the substrate.
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the position of the hotspot does not depend on the
gap size but changes its locations from the tip to the
nanogap regionwhen theAu thickness becomes larger
than about 70 nm, cf. comparison between Figure 5a
and 5b to 5c. The damping rate of 1.3 is smaller due
to the reduced overlap of adhesion layer and hotspot.
For the 80 nm thick Au layers and gap sizes below
15 nm, the SERS intensity increases strongly due to
stronger coupling between the crescents forming a
nanogap channel.29
CONCLUSION
We have systematically investigated the geometric
constraints associated with adhesion layers such as
thickness and overlap with the hotspots and found a
route to minimize the near-ﬁeld damping of localized
plasmon resonances. The near-ﬁeld damping has been
quantiﬁed by simulations and SERS experiments. The
damping has been attributed to the absorption in the
adhesion layer, leading to the reduction of the ﬁeld
amplitude, broadening and red shifting up to 70 nm
of the resonance wavelength. We ﬁnd that adhesion
layers with a thickness well below 1 nm maintain their
adhesive properties, while signiﬁcantly reducing the
damping of the SERS intensity. Outstandingly, the
exclusion of the adhesion layer from the proximity of
the near-ﬁeld hotspot reduces damping to a level that
was previously only obtained by using metal oxides or
monolayers of self-assembledmercaptosilanes. Hence,
near-ﬁeld simulations to locate the hotspots precisely
and correspondingly adapted evaporation schemes or
underetching of metal adhesion layers into the sub-
strate are the key to realize plasmonic nanostructures
with negligible impact on the plasmon resonances.
This ﬁnding can also be extended to other nanopat-
terns requiring lift-oﬀ, where additional underetching
into the adhesion layer and substrate can reduce the
overlap of the adhesion layer with the near-ﬁeld hot
spot thereby lowering damping.36
To conclude, we could demonstrate that traditional
metal adhesion layers with a thickness below 1 nm
and deposited with minimal contact to the near-ﬁeld
hotspots produce robust plasmonic nanostructures
without deteriorating their performance.
METHODS
Fabrication of Nanogap Arrays. Extreme ultraviolet interference
lithography at the Swiss Light Source28 was used to create line
patterns with a period of 250 nm and a height of 80 nm over an
area of 1 mm2 using hydrogen silsesquioxane (HSQ) resist.
Glancing angular deposition37 was used to thermally evaporate
the adhesion material and subsequently Au (99.99% purity,
purchased from Balzers) layer directly onto the photoresist at
a base pressure of 2 106 mbar. The substrate was aligned at
an angle of 30 from the surface plane with an azimuthal
orientation of the line pattern perpendicular to the gap expan-
sion (Figure 1a). During evaporation, the substrate was tilted
to the mirrored direction (30) after every deposited 2 nm,
until the final thickness was reached. The adhesion materials Cr
and Ti (both 99.99% purity, purchased from Sigma Aldrich) were
evaporated at the same angle (30/30) as is the Au or, when
specified, evaporation has taken place under normal incidence.
TiO2 was evaporated using the Ti source at a partial oxygen
pressure of 5 mbar. The Au was evaporated in parallel for the
investigation of sample sequences with varying adhesion layer
parameter, to help the accuracy of the evaluation andminimize
the influence of metal roughness deviations. The gap size was
set by the duty cycle of the photoresist patternwhile keeping the
evaporated thickness constant. Further details on the fabrica-
tion process of the sub-20 nm gap pattern have been reported
elsewhere.29 The adhesion layers were deposited accurately
(nm precision of thickness) by placing a quartz balance sensor
close to the evaporation source. Thereby, the monitored thick-
ness had to be scaled by 1/3 to factor in the t ∼ x2 dependency
of the layer thickness t compared to the distance x from the
evaporation source.
Optical Measurements. Reflection spectra were recorded with a
spatial resolution of about 10 μm using a commercial spectrom-
eter (Sentech FTP) flanged to a microscope (Leica). The incident
light was polarized such that the electric field was aligned across
the nanogaps. The reflection spectrum obtained from the
continuous Au layer on the same substrate served as reference.
The surface-enhanced Raman scattering experiments were
performed on a Horiba LabRam HR with a grating resolution
of 600 lines mm1. The excitation source (HeNe laser, 633 nm)
with an incident power of 2 mW was focused (50, numerical
aperture NA 0.5) and laterally deﬂected within an area of 10 
10 μm2 of the nanogap pattern to suppress photobleaching.
The incident light was linearly polarized with the electric ﬁeld
aligned across the gaps. The average of 16 single spectra was
taken over a patterned area of 300 300 μm2 in order to allow
for statistical evaluation. The SERS intensities depicted in all
ﬁgures correspond to the Raman peak of the 1008 cm1 vibra-
tional mode from a self-assembled benzeneethanethiol
monolayer obtained by 12 h immersion in a 1 mM solution.
Numerical Simulation. The far-field spectra and near-field
maps were calculated with a full-field numerical method based
on the solution of the surface integral.30 The simulation of the
crescent grating array was carried out in a 3D unit cell with
periodic boundary conditions along and across the gap plane.
The polarization of the electric field was set across the gap axis.
The permittivities for the Si substrate and Crwere approximated
with bulk values taken from SOPRA;38 it is however noted
that bulk values can become unreliable for nanometer layer
thicknesses. The refractive index of the photoresist HSQ was
assumed to be 1.39;39 the permittivity of Au was taken from
Johnson and Christy,40 and the surrounding medium was air.
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